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Influence of rock properties on methods for the verification of underground
nuclear explosions

Thomas N. Dey

Earth and Space Sciences Division,
Los Alamos National Laboratory
Los Alamos, NM 87545 USA

ABSTRACT: A limestone for which mechanical behavior is well determined
is used as a basis for a study of the effects of mechanical property variations
on apparent seismic yield for contained nuclear explosions. The resulting
variations in apparent scismic yield, up to 25% for this study, form an irre-
ducible lower limit on the accuracy of seismic yicld determination if further
event-specific information on the mechanical properties is unavailable.

1 INTRODUCTION

The need for understanding the methodologies used for verifying nuclear
lesting treaties has been increasing. The two predominant methods for esti-
mating yield from foreign underground tests both rely on measurements of
the stress waves created by an explosion and transmitted through rock or
soil. The hydrodynamic method measures shock radius versus time near the
explosion in the region where p ak stresses are greater than a few GPa (King,
ct. a! 1089). In this regime, the shock radius versus time curve can be scaled
to a curve for known yield giving the urikknown yield from the sealing fuctor.
I this regime, where strength effects are negligible, only the pressure-volume
response of the rock at high pressures influences the results. In contrast, the
seismic methods measure the clastic wave at large ranges. Not oniy does
the response of the rock in the high stress regime affect the outg ing wave,
but the final signal is influenced by the rock response in all segimes down to
the low stress levels where linear clasticity npplies. In this paper we explore
the sensitivity of the seismie signnl to various aspects of rock’s mechanical
bhehavior,



2 REDUCED DISPLACEMENT POTENTIAL

The fundamental measure of yield for scismic yield estimation is the late
time value of the reduced displacement potential (RDP) (Denny and Good-
man 1990, Palierson 1966). For a spherically symmetric wave in a linear
clastic medium, the solution can be described by the RDP defined by:
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where u is the displacement, r is the radius, c is the longi*udinal sound speed,
and 7 =t — r/c is the retarded time (Timoshenko and Goodier 1970). The
RDP has had the gcometric spreading remcved by the 1/r term in equation
1 and so, in the absence of attenuaution, it is independent of location at
distances great enough that only lincar elastic response is exhibited.

Typical RDP’s (see Fig. 2) may be crudely approximated as a step func-
tion with some oscillations superimposed at early retarded time. The am-
plitude of the higher frequency seismic waves will be primarily determined
by the carly retarded time behavior, while the lower frequency amplitudes
will he determined primarily by the late retarded time behavior. Because of
preferential attenuation of the higher frequencies the amplitude of a seismic
signal in the far field is proportional to the value at large retarded times of
the RDP calculated in the linear elastic regime near the explosion (Latter,
Martinelli, and Teller 1959; Haskell 1961, Patterson 1966). Although the
Ligher frequency components of the seismic signal give important informa-
tion about the size of the non-linear region around an explosion, the appurent
vield is proportional to the low frequency amplitudes which are in turn pro-
portional to the asymptotic value of the RDP at Iate retarded tune (Denny
and Goodman 1990).

In this paper, the Iate retarded time RDP is used to indicate the influence
of changes in rock behavior on the apparent seismic yield. In a series of
caleulations where the rock behavior s chinnged, the RDP will be evaluated
at loentions where the mnterinl response is linear. It is sometimes thought
that only where penk stresses, particle velocities and displacements vy ns
I/r is the materind response hnear. This s not true. As equation 1 and
the corresponding equntions for sty =s in Timoshenko and Goodier (1970)
show, higher order tetms in 1/r? and 1/r? are present in the linenr materinl
problem, Only in the fur field does the amplitude vary ns 1/r. The correct
Wenthiention of the linear response region is where the RDP w independent

of location,



3 EQUATION OF STATE EFFECTS ON RDCP

For the purposes of studying the effects of r_.aterial response changes on
the RDP, I use a baseline calculution of a 1 kt explosion in a nearly satu-
rated limestone. The behavior of the limestone is described by the effective
stress model described in Dey (1990) and Dey and Brown (1990). For mate-
rial which has been exposed to peak stresses greater than 5 GPA, a tabular
equation of state from the SESAME EOS library is used. At this pressure,
the effective stress model response merges smoothly into the EOS table. The
mcchanical response of the limestone is based on unpublished data for Salem,
Indiana limestone by S. Blouin of Applied Rescarch Associates and J. Zelasko
of Waterways Experiment Station. These cxperimental data were digitized
and converted into tables of shear strength versus effective stress and porosity
versus cffective stress. The porosity table also contains the hysteretic behav-
lor caused by pore crushing. The baseline limestone has 13.5% porosity and
15 95% saturated which leaves 0.67% air-filled void space. Longitudinal sound
speed 1s 3585 m/s. This material shows brittle behavior with the accompa-
nying strain softening for mean stresses below roughly 75-100 MPa. Above
this level, the material behaves ductily and is well represented by a strain
hardening model. In addition, the data shows shear-enhanced void collapse
behavior and this, too, has been incorporated into the model.

Figure 1 shows the peak stress as a function of range while Figure 2
shows the apparent RDP calculated at 100 m intervals from the explosion.
The RDP’'s calculated at 300 m and greater range are all identical while the
apparcnt RDP at 200 m is only slightly greater indicating that the range at
which linear elastic materiai response is reached, and a true RDP is being
determined, is hetween 200 and 300 m. Notice that the peak stress witenu-
ation at this point and out beyond 107 1 is not 1/r but closer to 1/r'3,
llustrating that 1/r attenuation is not a necessary condition for linear re-
sponse. The asymptotic value of the RDP for ringes of 300 1 and greater
is nbout 395 m?.

Figures 3 and 4 show the RDP aad the cavity radius for tue baseline
caleulntion together with results from four varintions of the mateanl models,
The oscillntions in the RDP correlate with the cavity oscillations. With the
exception of varintion 4, n smaller cavity radius corresponds to aiower RDDP,

The equation of state of the rock or soil around the deviee influences the
how much of the deviee energy can be converted into expansion of the melted
and vaporized rock in the eavity an:d into driving the stress wave. The dushed
lines lnbelled “1" in Figs, 3 and 4 result from a ealeulation where only the

Cabular equation of state wns changed. The only sigrificant differences are in
l ,
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Figure 1. Pealk stress versus range
for the baseline 1-D 1kt calcu-
lation.
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Figure 3. RDP's for baseline
ancu]ntion and the four varia-
tions. The solid unlabeled line

18 the baseline calculation, and
the other four lines are: 1- change
tabular EOS, 2 - increase strength,
3 - increase porosity, and 4 - in-
crease saturation,
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Figure 2. RDP calculated at a
number of ranges for the base-
line calculation. The top line

is at 100 m range, the next at
200 m range, and the bottom
line shows results for 300 m, 400 m,
500 m and 600 m which are all
identical.

150 = — .
14.0 4

£ -

g 120 A s
110 -
100 T 1 T

00 aw0 4000 600 8000

Tume (me)

Figure 4. Cuvity radii for base-
line calculation and the four vari-
ations. The solid unlabeled line

is the baseline calculation, and
the other four lines are: 1- change
tabular EQS, 2 - increase strcngﬁ\,
3 - increase porosity, and 4 - in-
crease saturniion.



the portion of the table for material exposed to peak stresses of 10-100 GPA
which leads to the conversion of the liquid water in the pores to steam as it
expands. The table differences correspond to a halving of the water content.
A lower water content means that there will be less expansion of the rock-
steamm mixture and less of the energy deposited in the matenal around the
device is transmitted through work to the material at greater ranges. The
late time RDP shows a drop of about 25% to about 300 m® while the final
cavity radjus is reduced by 8% to 12.8 m due to this change.

Shear strength has long been known to affect coupling to seismic waves.
Since the late time RDP is proportional to th~ permanent displacement,
the more fluid-like the material the greater will be the coupling (Latter et.
al 1961). Haskell (1961) worked out a theory of this for a Mohr-Coulomb
material and showed greater coupling with lower strength. Results for this
limestone, with its more complex behavior, are similar. The dashed lincs la-
belled “2” in Figs. 3 and 4 show results for a calculation where the strength
has been uniformly increased by 25%. The late time RDP approaches 350 m®
representing a 10-15% drop in apparent seisimic yield while the final cavity ra-
dius is about 13.1, a 5% drop compared to bascline. Greater shear strengths
resist the growth of the cavity and reduces the amount of work the cavity
gases can do on the surrounding material leading to a smaller seismic signal,

Porosity changes from location to location within a site are comm n.
Modvulus and strength are typically correlated with porosity. Since the effect
of strength changes was already demonstrated, the next calculation contains
only a porosity change. The porosity was increased from 13.5% to 20%
while keeping the total air-filled void fraction the same by increasing the
saturation. The effective pressure-porosity table was scaled to the increased
porosity so that, for either porosity, half the total porosity is closed by the
same cffective pressure. The longitudinal sound speed is reduced to 2865
m/s with this mnodification. The strength versus eflective pressure relation is
unchanged, but, since the effective pressures stay lower in the higher porosity
material, the strength of the material at any given time tends to be lower,
The lines labelled “3” in Figures 3 and 4 show results for this calculation.
The RDP has incrensed over the baseline cnse to about 420 m? while the
final cavity radius is larger by one percent. The greater compressibility of
the material, together with a lower apparent strength because of effective
pressure cifects, is allowing a greater final displacement.

The last vaviation reducing the air-filled void. The saturation was in-
creased from 95% to 98%, which decreases the air-filled void from just under
0.7% to under 0.3%. Less air-filled void should result in less energy dissi-
pation due to pore erushing. The dfective pressure should tend to be lower
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since the pore water begins sharing the load earlier, and this should also
result in lower shear strengths since the strength increases with effective
pressure. Cavity growth may be greater because of the lower shear strength
or may be less because less permanent compaction can be obtained. Results
are given by curves labelled “4” in Figs 3 and 4. Both tne RDP and the
cavity radius show larger oscillations since less dissipation is available from
the lower strength and smaller compaction. The lower air-filled void appears
to have the greater effect on the cavity radius since the final value should be
less than the baseline case. The reduced strength appears to have the greater
effect on the RDP since the final RDP should be slightly greater than the
bascline case. This calculation is an exception to the correlation of greater
cavity radii with greater RDP.

4 DISCUSSION

The variations of the material models nerfformed in this study result in
variations of the late-time RDP of up to 25%. The apparent seismic yield
should also vary by the same amount. If explosions of the same yield were
done at a site where material properties varied from place to place by the
extent explored in this paper, then, without event specific information, the
apparent seismic yield would vary randomly by up to about 25% due to
the material property changes. Additional variation would occur due to
background noise at the seismic station. This variation will represent an
irreducible error in seismic yield determination based on the low frequency
amplitudes as long as the event specific information on the material proper-
ties 10 the non-linear regime is unavailable.

The variations that were chesen here, nlthough applied to a rock which is
certainly not from a nuclear test ite, should be reasonable indicators of what
mny occur in real sites. A site specific analysis would need to be done for
cach such area and may well give a substantially larger or smalier irreducible
crror in the apparent seismic yield.

5 SUMMARY AND CONCLUSIONS

A limestone whose mechanical behavior has Leen well determined has been
used as a basis for a study of the effects of mechanical property varintions
on apparent seismic yield for cortained nuelear explosions. The resulting
viriations in apparent seismic yield, up to 26% for this study, form an irre-
ducible lower limit on the accuracy of seismie yicld deterncination if further
event specific information on the mechanieal properties is unavailable, Stud-
ies specific to the actund testing areas need to be performed to evalunte the
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mechanical property variations present and assess the consequent variation
in apparent seismic yield for those location.
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